We present the fully differential production and decay of a W boson, with arbitrary vector and axial-vector couplings, to any final state at next-to-leading order in QCD. We demonstrate a complete factorization of couplings at next-to-leading order in both the partial width of the W boson, and in the full two-to-two cross section. We provide numerical predictions for the contribution of a W boson to single-top-quark production, and separate results based on whether the mass of the right-handed neutrino νR is light enough for the leptonic decay channel to be open. The singletop-quark analysis will allow for an improved direct W mass limit of 525-550 GeV using data from run I of the Fermilab Tevatron. We propose a modified tolerance method for estimating parton distribution function uncertainties in cross sections.
I. INTRODUCTION
Since the introduction of the standard model, many extensions have been proposed that involve enhanced gauge symmetries. One common feature of these models is the prediction of additional gauge bosons, generically called W and Z bosons. In non-universal and top-flavor models, the W gauge boson arises from a new SU(2) L sector that distinguishes between generations of fermions [1] [2] [3] , and may treat quarks and leptons differently [4] [5] [6] . The W boson could be the lowest Kaluza-Klein mode of the W boson [7] , or a heavy mass eigenstate in non-commuting extended technicolor [8] . In a left-right symmetric model the W and standard-model W bosons are remnants of a broken SU(2) L × SU(2) R symmetry [9] [10] [11] [12] . The resulting left-right mixing may be naturally suppressed by orbifold breaking of the left-right symmetry [13] , or by supersymmetric interactions [14] . While indirect bounds may be placed on the masses and couplings of these various W bosons within the context of their explicit theories, it is always advantageous to search for these new particles directly. In order to facilitate a direct experimental search, and to achieve the most general contact with theory, we calculate the fully differential next-to-leading order cross section for the production and decay of a W boson to any final state with arbitrary vector and axial-vector couplings.
The most general Lorentz invariant Lagrangian describing the coupling of a W to fermions may be written as
where P R,L = (1 ± γ 5 )/2, g is the standard model SU(2) L coupling, and the C R,L fifj are arbitrary couplings that differ for quarks and leptons. For a standard model W boson, C R = 0, and C L is either the Cabibbo-Kobayashi-Maskawa matrix or diagonal, for quarks or leptons, respectively.
Most experimental searches have concentrated on W bosons that decay via a purely left-or right-handed current. In order to make contact with these results, we rewrite Eq. (1) in the notation typical of left-right symmetric models as [15] 
where ζ is a left-right mixing angle, and ω is a CP-violating phase that can be absorbed into V R . In this notation, g R(L) are the right (left) gauge couplings, and V R,L fifj are generalized Cabibbo-Kobayashi-Maskawa (GCKM) matrices. In models where the W and W mix, the mixing angle ζ is usually constrained to be small (|ζ| < a few ×10 −5 -10 −2 [16] ). Hence, the search for purely right-or left-handed states appears well motivated. Many direct searches for W bosons have been performed at hadron colliders. Most experimental analyses have considered left-or right-handed W bosons, with standard-model-like couplings, that decay into leptonic final states. Left-handed W L bosons, or right-handed W R bosons in which the decay into a right-handed neutrino ν R is kinematically allowed, are constrained to have masses m W > 786 GeV [17] [18] [19] [20] [21] [22] [23] [24] . If m νR > ∼ m W the decay to ν R is not allowed, and the right-handed W R bosons are only directly constrained by peak searches in the dijet data. Unless the W has greatly enhanced couplings to light quarks, the dijet data are limited by QCD backgrounds to providing a mass limit of 420 GeV [25] [26] [27] .
The only final state not measured by one of the experiments listed above involves the decay of a W to a single top quark. In Refs. [28, 29] it was pointed out that a deviation of measured the single-top-quark cross section from the standard model prediction could be evidence of a new gauge interaction. In the context of models with W bosons, we wish to take this one step further, and propose that the experiments search for an explicit W mass peak in the s-channel single-top-quark sample. We examine just how large the cross section into single top quarks can be at the Fermilab Tevatron and Large Hadron Collider (LHC) as a function of W mass, and determine how enhanced or suppressed couplings enter into the measurable cross section after cuts. We also determine the next-to-leading order distributions of the final-state jets to estimate the effect on the reconstruction of the W mass peak.
A W boson that propagates in the s-channel appears very similar to Drell-Yan production. We might be tempted to use the next-to-next-to-leading order (NNLO) predictions for Drell-Yan [30] (or the updates in Ref. [31] ). However, these calculations are not adequate to predict the cross section for W bosons which decay to quarks. There are two reasons for this. The first problem is that the final state effects are very large. Not only are there large QCD corrections to the quark final state, but the top-quark mass has a large effect on the branching fraction when it is in the final state. The second reason is that there are initial-and final-state interference terms that arise at NNLO that are of an unknown size. (Pure QCD processes also interfere at NNLO, e.g. with ud → ud via the exchange of two gluons.) Therefore, we cannot simply take the NNLO production as calculated and append a Breit-Wigner propagator that uses leading or next-to-leading order widths. Instead, we perform the complete calculation at next-to-leading order.
We organize the paper as follows. In Sec. II we calculate the partial widths into leptons or quarks, including the effects of the top-quark mass, for the W boson using arbitrary vector and axial-vector couplings at next-to-leading order (NLO) in QCD. We demonstrate that the couplings factorize, and present some numerical results for partial widths and branching fractions into a top-quark final state. In Sec. III we calculate the fully differential production and decay of a W into any final state at NLO in QCD. We present numerical results for the single-top-quark production cross section via s-channel exchange of a W boson. We asses all theoretical uncertainties, and propose a modification of the tolerance method for calculating parton distribution function uncertainties. Finally, we present the NLO jet distributions, discuss the effect of jet definitions on these distributions, and estimate the limits that may be placed on the W mass using data from run I and run II of the Fermilab Tevatron.
II. NEXT-TO-LEADING ORDER WIDTH
We divide our evaluation of the W width into three terms that depend on the final decay products:
We separate the partial widths containing a top quark from those containing only massless quarks so that we may retain an explicit top-quark mass dependence in the width.
While the large number of couplings in Eq. (2) appears daunting, a factorization of the couplings occurs in the partial widths of Eq. (3) that greatly simplifies the calculation. The leading order partial widths are
where
2 W , and we assume g 2 = 8m
as in the standard model. Because we have assumed there is at most one non-zero mass in the final state, the couplings appear only in the combination
Hence, the partial widths of the W boson have the same form as the standard model W boson, with the effect of new couplings and GCKM matrix elements absorbed into V fifj . The above factorization of couplings turns out to hold in the next-to-leading order widths as well. The calculations of the next-to-leading order partial widths of the W boson were first performed for the massless [32] , one mass [33] , and arbitrary mass [34] final states many years ago. In order to derive the factorization of arbitrary couplings above, however, we rederive the partial widths, but use a newer calculational method whose results are needed in the calculation of the fully differential cross section in Sec. III.
We evaluate the next-to-leading order partial widths to quarks by using the phase-space-slicing method with two cutoffs [35] . In this method, phase space is divided into three regions: soft (S), hard collinear (HC), and hard noncollinear (HC). The first two regions are integrated over two-body phase space in n = 4 − 2 dimensions, whereas the third region is integrated over three-body phase space in 4 dimensions with cuts.
The soft region of phase space is defined in the W rest frame by a condition on the energy of the emitted gluon 
W , where p q,g are quark and gluon four-momenta. The final result must be independent of δ c . In practice we retain terms logarithmic in δ s or δ c , and drop terms that are linear in the cutoffs. At the end, we take the couplings numerically to zero and show the solution contains no residual δ s or δ c dependence.
The two-body next-to-leading order correction to the width is given by
, and p 1 , p 2 , and p 3 are the four-momenta of the light quark, top quark, and gluon, respectively. When both quarks are massless β = 1, and Eq. (21) is very simple.
Once we determine that the factorization of couplings holds for all terms, the partial widths reduce to the expressions given in Ref. [33] with the replacement of CKM matrix elements by the GCKM matrix elements |V | 2 defined in Eq. (7). The massless case is simply
The massive case should reduce to Eq. (12) of Ref. [33] ,
A. Numerical results
In order to be of immediate use to experimental analyses at the Fermilab Tevatron, we make definite predictions of the W partial and total widths. In all numerical results we use m t = 175 ± 5 GeV, G F = 1.16639 × 10 −5 GeV −2 , and m W = 80.4 GeV. We use a two-loop running of α s as defined in the CTEQ5M1 parton distribution functions [36] . We assume that V lν is the identity matrix, and for Vwe use the average Cabibbo-Kobayashi-Maskawa (CKM) matrix [16] with the exception that we assume |V tb | = 1, Before we discuss our results, we must show that our final result does not depend on the cutoffs we choose. To demonstrate this, we fix the ratio of δ s /δ c = 300, and plot in Fig. 1 the NLO correction to the width of a W of mass 500 GeV. In the upper half of the figure we see the logarithmic dependence in δ s and δ c of the two-and three-body terms, δΓ 2 and δΓ 3 . In the bottom half of the figure we focus on the sum of the correction terms δΓ NLO 
, the result is stable to much less than 1% of the known NLO correction. In practice there is a tradeoff between numerical accuracy in canceling the logarithmic divergences of δ s and δ c in the Monte Carlo, and the residual power suppressed dependence on these parameters. Hence, we always choose values of δ s and δ c to ensure that the residual effects are smaller than the desired Monte Carlo statistical error.
In Table I we list the LO and NLO partial widths for the decay of the W into light quarks, or tb. Since we assume the standard model-like couplings of Eq. (24), the decays into td and ts are strongly suppressed. However, we remind the reader that any model may be restored via the use of Eq. (7). We present the results for W masses between 200 GeV and 1000 GeV, in order to cover the possible reach of experiments at the Tevatron. Unless the couplings are suppressed, a left-handed W will decay into either quarks or leptons. A right-handed W , however, will decay to leptons only if the mass of the right-handed neutrino (m νR ) is less than m W , or if there is large left-right mixing in the neutrino sector. For completeness, we consider both kinematic cases. In Tables II and III we list the LO and NLO W total widths and branching fractions into a tb final state. We assume a top-quark mass of 175 GeV. The largest uncertainty in the predictions of both the total width and the branching fractions is a result of the uncertainty in the top-quark mass. Hence, we also show the increase (upper error), or decrease (lower error), in the quantities if the top-quark mass is 170 GeV, or 180 GeV, respectively. In Table II we include only the decays into quark final states. In Table III we allow for the decay into quarks or leptons as in the standard model. The total widths in these Tables are used in Sec. III in the NLO calculation of the W contribution to the single-top-quark cross section. Total width of the W , and its branching ratio into tb, at LO and NLO in QCD, when decays to quarks or leptons are both included. Errors are due to the top-quark mass uncertainty, mt = 175 ∓ 5 GeV. 
It is not surprising that top-quark threshold effects cause a large uncertainty in the branching fraction for W masses less than 300 GeV. This also appears in the large increase in branching fraction at NLO over the LO branching fraction. With 33% changes in both the mass variation and NLO correction, perturbation theory is somewhat suspect if m W ∼ 200 GeV. However, the effect is less than 10% by 225 GeV, and rapidly vanishes as m 2 W m 2 t . The branching fraction into a top-quark final state is nearly saturated at 1/3 (1/4) when m W ∼ 500 GeV for the quarkonly (quark-plus-lepton) model of decays. Hence, a large fraction of W events should produce a top-quark in the final state. In Sec. III A we see this effect on the single-top-quark cross section.
III. NEXT-TO-LEADING ORDER CROSS SECTION
The analytic form of the differential production and decay of a W at next-to-leading order is very similar to that of s-channel single-top-quark production. The complete calculation of differential single-top-quark production using the phase space slicing method appears in Ref. [37] . We generalize the calculation in that paper to the production of one massive particle through a W boson (such that single-top-quark production is a special case). We follow closely the notation of Ref. [37] , but retain arbitrary couplings in the vertices. We note that the t-channel exchange of a virtual W is suppressed by at least 1/m 4 W , and hence do not consider it here. However, the analytic expressions and factorizations that follow are valid for this channel as well. The analytic formulae for the t-channel exchange may be obtained by simple crossing.
At leading order, the production of a heavy quark (lepton) may be written schematically as
, ud represents all possible parton fluxes, and the heavy particle in the final state (t or ν R ) has four-momentum p 4 and mass m. The leading-order fully differential spin-averaged partonic cross section can be written as
2 is the partonic center-of-momentum energy squared, and the two body phase space is given by
The matrix element squared, summed (averaged) over final-(initial-) state spin and color states, for production of one massive particle is
The number of colors N c = 3, and m = m t , for a final state with a top quark. For the production of a massive neutrino m = m νR and N c = 1. If the final state is massless, simply set m = 0 and use N c = 3 (1) for quarks (leptons). The functions R t and R u are given by
where V i,f and A i,f are the vector and axial-vector couplings for the initial-and final-state vertices, respectively. In the notation of Eq. (2),
For right-or left-handed
, and we recover the standard model s-channel single-top-quark cross section published in Refs. [37, 38] , including the Breit-Wigner term, up to the GCKM couplings.
We calculate the fully differential next-to-leading order cross section with the same method used in Sec. II. Again, the phase space is divided into a hard and soft region, where the soft region is now defined in the partonic center-ofmomentum frame by a condition of the emitted gluon energy:
where 
At next-to-leading order, color conservation forbids the exchange of a single gluon between the initial and final states. This is convenient when organizing the solution, because the leptonic cross section only has QCD corrections in the initial state. Hence, we list separately the initial and final state corrections.
The two-body NLO correction to the partonic cross section contains
where C F = 4/3, and dσ V is the part of the correction to the vertex containing the top quark that is not proportional to the LO cross section. If the final state does not contain a top quark then dσ V = 0; otherwise,
The initial-state corrections appearing in Eq. (34) are
where ζ 2 = π 2 /6, and µ F is the factorization scale. If there is a top quark in the final state, M 
where a, b sum over all quark-antiquark luminosities, µ F is the factorization scale, H 1,2 are the initial-state hadrons, and the f (x, µ) are NLO parton distribution functions. Thef functions are introduced to compensate for a difference between the limits of integration used in the phase space slicing calculation of the initial-state collinear singularities and the modified minimal subtraction MS scheme used in the NLO parton distribution functions. Thef functions are given in Ref. [35] .
The three-body hard non-collinear terms are evaluated using a Monte Carlo integration in four dimensions, subject to the cuts listed above. The cross section is given by
If we label the momenta in the three-body processes
then functions Ψand Ψ qg are given by 
, and all other terms may be obtained by crossing. Final-state QCD corrections are limited to the second term of Ψ, and thus this term does not appear in corrections to the leptonic final state. If the final state is massless, then the solution is recovered by setting m t = 0, and noting that all primed invariants are equal to their unprimed counterparts.
A. Single-top-quark production via W R, L
In Sec. II A we saw that W bosons tend to have a large branching fraction into top quarks. This observation leads us to consider the effect of such a W on the size of the single-top-quark cross section at hadron colliders. In particular, we show the cross sections are large enough to improve the mass limits on W bosons using data from run I of the Fermilab Tevatron. The W boson affects the single-top-quark cross section through the three channels shown in Fig. 2 . We concentrate on the s-channel production, because of the enhancement from the W resonance. We do not present numerical results for the t-channel or associated production of a W boson, because the cross sections for these channels are negligible for the masses we consider.
Representative Feynman diagrams for single-top-quark production involving a W boson: (a) s-channel production, (b) t-channel production, and (c) W − t associated production.
In order to make definitive predictions, we stick to the assumption that the W has purely right-or left-handed interactions. We choose the standard model CKM matrix as in Eq. (24), with the understanding that the final results may be scaled using the factorization of couplings in the last section. As in Sec. II A, we choose m t = 175 ± 5 GeV,
, and m W = 80.4 GeV. For leading-order cross sections we use CTEQ5L [36] leading-order parton distribution functions (PDFs). We use a two-loop running of α s , and CTEQ5M1 PDFs for NLO cross sections. We use the LO and NLO widths calculated in Sec. II A in the LO and NLO cross sections, respectively, so that all terms are calculated at the same order and with the same method. We set both factorization and renormalization scales equal to m W , since most of the cross section will be produced near resonance.
We present the leading-and next-to-leading order cross sections for single-top-quark production, via W R, L bosons of various masses, at run I of the Tevatron (a pp collider with √ S = 1.8 TeV) in Tables IV and V. In Table IV we perform the calculation under the assumption that ν R is too heavy for the W to decay to leptons, and thus use the widths of Table II . In Table V we assume all decays are allowed, and use the widths of Table III. The cross sections for just top-quark or antitop-quark production are one-half of the listed results. The corresponding single-top-quark cross sections at a run II of the Tevatron (a pp collider with √ S = 1.96 TeV) appear in Tables VI and VII.  In Tables IV-VII we show the uncertainties in the cross sections due to the variation of the scale between m W /2 and 2m W , the variation of the top-quark mass over m t = 175 ± 5 GeV including the effects of the change in width listed in Tables II and III , and uncertainties from the parton distribution functions (using a new method described in Sec. III B). Additional uncertainties come from the use of a vanishing bottom-quark mass, which overestimates the cross section by +1.5% at 200 GeV, but only +0.4% by 225 GeV, and is a negligible effect at higher W masses. Extrapolating from the results of Ref. [39] , we estimate that Yukawa corrections cause a shift of less than −1% in the cross section. The uncertainty from Monte Carlo statistics is 0.03%. There is a ±4% uncertainty in the NLO correction term from α s = 0.118 ± 0.005. All uncertainties listed above are added in quadrature, and are presented for easy reference in the last column of each section in Tables IV-VII as a percentage error. If we had used the narrow width approximation, and multiplied the NLO W cross section times NLO branching fraction to tb instead of evaluating the full matrix element, there would be an additional ±1-2% systematic uncertainty. 
TABLE V. LO and NLO cross sections in (pb) for pp → W R, L → tb +tb at run I of the Tevatron, √ S = 1.8 TeV, when decays to quarks or leptons are both included. Scale, top-quark mass, and PDF uncertainties are also listed in (pb). The last column in each section lists the total theoretical uncertainty in (%), where all uncertainties in the text and in this 
TeV, when the decay to leptons is not allowed. Scale, top-quark mass, and PDF uncertainties are also listed in (pb). The last column in each section lists the total theoretical uncertainty in (%), where all uncertainties in the text and in this 
TeV, when decays to quarks or leptons are both included. Scale, top-quark mass, and PDF uncertainties are also listed in (pb). The last column in each section lists the total theoretical uncertainty in (%), where all uncertainties in the text and in this Table are added in quadrature. In Tables IV-VII we 
B. Parton distribution function uncertainties
Because we are interested in heavy particles, the parton distribution functions (PDFs) will be probed at large values of the proton's momentum fraction. Hence, as opposed to Drell-Yan or s-channel single-top-quark production where the PDFs are well understood, we expect the PDF uncertainty to play a significant role in the total uncertainty of the cross section. In order to estimate the effects of this uncertainty we use a modification [40, 41] of the "tolerance method" implemented in the CTEQ6 PDFs [42] .
The tolerance method is based on diagonalization of the matrix of second derivatives for χ 2 (a Hessian matrix) near the minimum of χ 2 for the PDF fits [43] . Since χ 2 is approximately parabolic near its minimum χ In principle, T should be chosen to correspond to a 1σ deviation of the fit. However, for simplicity we present results for T = 10, as used by the CTEQ6M101 -CTEQ6M140 PDF tables given in Ref. [42] .
The PDF uncertainty for an observable O is the maximal change in O as a function of variables {z i } varying within the tolerance hypersphere. The CTEQ6 paper estimates the variation of O by using a master formula
and t = 10 is a step in the space of z i . Here, O(z (45) is a good approximation for the PDF fits, but is less useful for observables, e.g. cross sections.
The difficulty with Eq. (45) (45) appears to be more sensitive to z i which have a small absolute effect, but happen to cause a shift in the prediction which changes sign, than to large fluctuations. This defect of the master formula is a result of the simple observation that the PDF set that minimizes the uncertainty in a given observable O is not necessarily the same as the one that minimizes the fit to the global data set. In order to obtain a better estimator of the uncertainty of a generic observable O, we introduce [40, 41] the "modified tolerance method" (MTM) master formula. We define the maximum positive and negative errors on an observable O by
where the "tolerance" T is the same scaling parameter that determines the overall range of allowed variation of χ 2 , and we use T = t = 10 as in the CTEQ6 PDF sets. In Eqs. (46, 47) we sum the maximum deviations on the observable in each of the parameter directions, and hence retain both maximal sensitivity to the parameters that vary the most and estimate the range of allowed values of the cross section. Given the case in Fig. 6 , we determine that m W = 500 GeV has an uncertainty of +8.6−6.2% -half again as large on the high side as estimated by the CTEQ method.
C. NLO Differential spectra
In the course of an experimental analysis it is common practice to normalize the number of events generated in an event generator by a "K-factor". This K-factor is generally taken to be the ratio of the NLO to LO inclusive cross section. It is then assumed that turning on successive gluon radiation, called showering, in an event generator reproduces the correct shapes for the NLO distributions. While this is a reasonable approximation for the soft radiation that accompanies the jets, it does not always reproduce the spectrum of additional well-separated hard jets [44, 45] , or their effect on the primary jets. Since experimental reconstruction efficiencies depend on jet energies, it is important to have the most accurate prediction possible.
There are two main benefits of looking at the fully differential cross section. The first is that this provides a check on the jet distributions that come from the event generators. The second is that we see immediately whether the kinematic regions where perturbation theory breaks down are relevant to the measurable range of the distributions. The shape of the transverse momentum is especially important in studies with b-tags, since the tagging efficiencies depend on this variable.
In Figs. 7 and 8 we show the transverse momentum (p T ) distributions for the top-quark and bottom-jet, respectively, for pp → W + → tb, and m W = 500 GeV at run I of the Tevatron. For comparison we plot both the NLO distributions and the LO distributions times a NLO K-factor of 1.29. The b-jet is reconstructed using a k T cluster algorithm [46] to provide an infrared-safe way of combining partons. We use a k T cone size of ∆R = 1, similar to a fixed cone size of 0.7. As is generally the case, the p T spectra of the b-jet and top-quark are somewhat softened at NLO. In the top-quark and b-jet p T distributions in Figs. 7 and 8 there is a much improved behavior near the W resonance at NLO. Aside from going to higher orders, it may be possible to further improve the shape in the resonance region by replacing the Breit-Wigner with a more dynamical form [47] . While there may be minor deviations at small transverse momentum due our choice of a massless bottom quark, the cross section vanishes at low p T b , and b-jet cannot be measured below about 10 GeV, so the effect will not be visible in the experiments. The pseudorapidity distributions of the top-quark and b-jet are shown in Figs. 9 and 10 , respectively. The shapes of the distributions are so similar, that the LO curves are completely hidden by the NLO curves. An important consideration is the effect of the choice of cone size on the shape of the transverse momentum distributions. In Fig. 11 , we show the ratio of the p T distributions of the b-jet for two common choices of ∆R = 0.54 and 1.35 (which are similar to fixed cones of size 0.4 and 1.0, respectively) to our default choice of 1.0. When comparing distributions from event generators with NLO calculations, we must use the same jet definition. Otherwise, there can be a systematic shift in the shape of the distributions of 10-20%. This size of this effect is potentially larger than the effect of the jet-energy resolution on the reconstruction of jet shapes. The overall effect of the choice of cone size is only important for W production right near resonance. The cross section is fairly small at lower transverse momentum, and thus changes in the shape in that region are not relevant. The effect at low p T is further suppressed in an experiment, because b-tagging efficiency tends to be smaller at low p T as well. In Fig. 12 we show the effect of different cone sizes on the p T b spectrum near the its peak at ∼ 215 GeV, which corresponds to a 500 GeV W resonance. Experimental analyses will concentrate on this resonant region. Hence, a mismatch of jet definitions could cause a systematic mistake in the comparison to the theoretical cross section of as much as ±20%. While the individual distributions for the W boson are important, in an experimental analysis we want to fit for the mass of the W boson. A likely strategy to find the W is to look for a peak in invariant mass distribution M tb of the top-quark/antibottom-jet pair. We do not perform a full analysis here, but simply show in Fig. 13 the M tb distributions for m W = 500 GeV. The LO cross section is shown times the standard K-factor, but is divided by 2 to fit on the figure. While the central value of the peak has not shifted by much, there is a very large tail below the mass of the W boson. Roughly half of the cross section is below the peak predicted at LO. Hard radiation at NLO has a much larger effect on the correlated distributions than we might naively expect from the 4% increase in the width. Almost 2/3 of the LO distribution falls in a mass window of 500 ± 10 GeV, but only 1/2 of the NLO distribution falls in a mass window twice as wide, 500 ± 20 GeV. Hence, when considering the effectiveness of M tb , the reconstructible signal over background may be a factor of 2 smaller than predicted with a LO calculation. The two distinguishing features of the W cross section are that the b-jet and top-quark are each at a much larger transverse momentum than the dominant backgrounds, and there is a peak in the top-quark/antibottom-jet invariant mass distribution. While an optimized phenomenological analysis of the s-channel single-top-quark production cross section at the level of Ref. [48] is beyond the scope of this paper, we estimate the reach in W mass using run I data in the following way: We begin with the recent limit on the s-channel single-top-quark cross section of ∼ 17 pb [49, 50] . Assuming that the W boson adds directly to the standard model cross section, this immediately places a competitive bound of m W > ∼ 380-410 GeV (depending on the allowed decay modes). To improve this bound, we note that the invariant mass M W bb of the dominant W bb background (B) scales like 1/M 4 W bb . Hence, by reconstructing the W invariant mass, and scaling the cross section limit by √ B, we predict a 95% confidence-level limit of m W > ∼ 525-550 GeV should be attainable in a dedicated analysis of run I data. In run II of the Tevatron the s-channel singletop-quark cross section will be measured to ±20% with 2 fb −1 of integrated luminosity [48] . Given the very low backgrounds at large invariant masses, limits of 800-900 GeV may be reachable for W bosons with standard-model size couplings.
the W width.
We predict that the direct search limit on the mass of the W boson may be improved by using data from runs I and II of the Fermilab Tevatron. By reconstructing the top-quark/bottom-jet invariant mass M tb in the single-topquark sample, a run I 95% confidence-level limit of m W > ∼ 525-550 GeV should be attainable for standard-model-like couplings. At the end of run II, this limit may be pushed to 800-900 GeV. The signal at the LHC should be large enough to reach limits of at least 3-4 TeV. While these estimations are based on the known scaling of the backgrounds, a dedicated phenomenological analysis would be useful.
We conclude by applying our results to one specific example. In the top-flavor model of Ref. [6] , the left-handed coupling in the W -t-b vertex may be written as
The coupling to leptons, or the first and second generation of quarks, can be written
where g is the standard model SU(2) L coupling, and V fifj is the CKM matrix or diagonal, for quarks or leptons, respectively. For masses of around 500 GeV, the angle φ is restricted to be small [51] , sin 2 φ < 0.05. If we choose sin 2 φ = 0.05, the branching ratio into top quarks is 99%; virtually all of the decays of the W will be into top quarks. The enhancement in branching fraction is exactly compensated by a decrease in production luminosity. The singletop-quark cross section has R t = tan 2 φ cot 2 φ R SM t . Thus, the direct search limit for this top-flavor model will be identical to the one derived with standard-model couplings. If we wish to set a limit using a smaller value for sin 2 φ, the W width will be the limiting factor in the mass reconstruction, and we should reevaluate the jet distributions in that scenario. By calculating |V fifj |, R t , and R u , and using our next-to-leading order results, we may now accurately compare any model containing a W boson to direct experimental searches.
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